Proteins destined to be secreted from eukaryotic cells pass through secretory organelles, namely, the endoplasmic reticulum (ER) and the Golgi complex, and are finally transported to the plasma membrane to be released from the cell. The proteins are transported between the organelles and to the plasma membrane in carrier vesicles. Each vesicle transport step includes packaging of the cargo proteins and budding of the vesicle from the donor compartment membrane, migration of the vesicle to the acceptor compartment, and docking and fusion of the vesicle to the acceptor compartment membrane.
In order to maintain cellular organization, each vesicle fusion must be specific for the right acceptor membrane. This specificity is ensured by protein factors that are specific only for a given fusion event. The specificity of fusion is largely due to recognition proteins in the vesicle and target membranes (v-SNAREs and t-SNAREs, respectively), but other types of stage-specific proteins that assist in vesicle docking and fusion are also important. The small GTP-binding Rab proteins belonging to the Ras superfamily associate with the vesicle membrane through lipid modification in their GTP-bound active form (19) . They have a role in the formation of a large protein complex (20S complex; includes the t-SNARE and v-SNARE) that is needed for membrane fusion to take place (43) . It has been discovered that during the assembly of this complex, the Saccharomyces cerevisiae Rab protein involved in ER-Golgi transport, Ypt1p, interacts transiently with the corresponding t-SNARE, Sed5p, displacing the negative regulator Sly1p and allowing interaction of the t-SNARE and v-SNARE (21, 37) .
According to recent evidence, Ypt1p is also involved in protein sorting upon exit from the ER (26) .
In addition to proteins specific for one fusion step, general fusion factors that are functional for multiple membrane fusion steps are also needed in the secretory pathway. These include yeast Sec18p and its mammalian counterpart, NSF (11, 55, 56) . Sec18p has been isolated as a member of the membrane fusion protein complex (20S complex) (53) . It was believed that hydrolysis of ATP by Sec18p/NSF triggers dissociation of the fusion complex and subsequently fusion of the vesicle and target membranes (6, 44) . More recent papers, however, suggest that mammalian NSF activates the SNARE proteins prior to membrane fusion (29) or that it participates in their recycling after membrane fusion (52) , perhaps by acting as a chaperone that alters the conformation of the SNAREs (27, 30) .
Filamentous fungi are naturally good protein secretors, and because of the high efficiency of secretion by industrially exploited fungi such as Trichoderma reesei and Aspergillus niger, the secretory pathways of these fungi are of particular interest. Knowledge at the molecular level about intracellular protein folding and trafficking in filamentous fungi is beginning to accumulate (reviewed in reference 7). Folding factors, such as Bip and protein disulfide isomerase (PDI), have been characterized at the gene level for some filamentous fungi (e.g., see references 28, 38, and 48) . Of the genes involved in protein trafficking, results have hitherto been published for the ypt1 genes of Neurospora crassa (13) and Phytophthora infestans (5) and for homologs of the yeast SAR1 gene from A. niger and T. reesei (49) . Punt et al. (36) have cloned several secretionrelated small GTPases from A. niger, and Dumas et al. (8) have cloned a homolog of yeast SEC4 from Colletotrichum linde-muthianum. In this paper, we report the characterization of the homologs of the yeast YPT1 and SEC18 genes from the filamentous fungus T. reesei and, for comparison, from A. niger var. awamori. The regulation of the T. reesei genes in the presence of inhibitors of protein secretion was studied, and evidence is presented to explain the transcriptional regulation of the Trichoderma secretory pathway.
MATERIALS AND METHODS
Strains, media, and culture conditions. The temperature-sensitive sso2 mutant S. cerevisiae strain H1152 (a sso2-1 leu2-3 trp1-1 ura3-1 sso1::HIS3) (S. Keränen and M. Aalto, unpublished data) was used. The yeast strains used for YPT1 complementation studies were GFU1-6D (a GAL10-YPT1::HIS3 his3 leu2 trp1 ura3) and TSU3-5D (ypt1 ts ::LEU2 his3 ura3) (courtesy of Hans Dieter Schmitt). The sec4 mutant yeast strain NY774 (␣ sec4-8 leu2-3,112 ura3-52) (courtesy of Peter Novick) and the sec18 mutant strain mBY12-6D (␣ sec18-1 trp1-289 leu2-3 leu2-112 ura3-52 his Ϫ ) (courtesy of Randy Shekman) were used for complementation testing. The dithiothreitol (DTT) and brefeldin A (BFA) treatments were carried out with the T. reesei strain RutC-30 (24) , and a DTT treatment experiment was done with T. reesei QM9414. The plasmid host was Escherichia coli
For the DTT and BFA treatments, RutC-30 was grown in a minimal medium (34) with 2% lactose in conical flasks at 28°C, with shaking at 200 rpm, for 60 h, and the mycelium was diluted 1:10 into the same medium. Growth was continued for 21 h and the culture was divided into two aliquots. DTT (10 mM) or BFA (50 g/ml) was added to one aliquot, and mycelial samples were withdrawn from both aliquots before and 15 (only BFA), 30, 60, 90, 120, 240, and 360 min after treatment. The T. reesei strain QM9414 was cultivated in minimal medium (34) with 2% sorbitol and 0.05% proteose peptone. For induction of cellulase gene expression, ␣-sophorose (1 mM) was added after 23 and 32 h of cultivation. Treatment of the cultures with 10 mM DTT was started after 40 h of cultivation. Mycelial samples for RNA analysis were collected during the treatment. The dry weight of the cultures was 1.1 to 1.4 g/liter at the beginning of the DTT treatment. The mycelia for Northern blots were harvested by filtration through a glass fiber filter, washed with 0.9% NaCl, and stored frozen.
Nucleic acid methods. The yeast SEC4 (the whole coding region) and SEC18 (the region corresponding to amino acids 224 to 447) fragments were obtained by PCR from yeast chromosomal DNA. Heterologous hybridization was carried out in a hybridization mix without formamide as described previously (40) . The optimal hybridization temperature was first determined with genomic Southern blots, and a T. reesei cDNA library in ZAP (46) was screened for ypt1 and nsf1 clones at 48 and 50°C, respectively. The genomic T. reesei ypt1 gene was isolated from a cosmid library and subcloned as a 6-kb BamHI fragment into pBluescript SK(Ϫ) (Stratagene). The genomic T. reesei nsf1 gene was isolated from a cosmid library (22) , and its 5Ј end was subcloned as a 5-kb PstI fragment into pZERO (Invitrogen). The 5Ј end of the gene was sequenced from this subclone and the rest of the gene was sequenced from the cosmid DNA.
Genomic DNA from the A. niger var. awamori strains UVK143f and dgr246p2 (51) was isolated as described previously (14) and used as the template for PCR amplification of the yptA gene. A 1.2-kb PCR fragment from the 5Ј end and a 1.1-kb PCR fragment from the 3Ј end were obtained by the method of rapid PCR-based walking of uncloned genomic DNA (Genome Walker kit; Clontech). The PCR fragments were cloned into pCRII (Invitrogen). For cloning of the A. niger var. awamori nsfA gene, an 830-bp BamHI-XhoI fragment from the Trichoderma nsf1 cDNA was used as a probe for Southern hybridization of genomic A. niger var. awamori DNA. The hybridization mix contained 25% formamide, 5ϫ SSPE (1ϫ SSPE is 0.18 M NaCl, 10 mM NaH 2 PO 4 , and 1 mM EDTA [pH 7.7]), 0.5% sodium dodecyl sulfate (SDS), and 0.1 mg of denatured herring sperm DNA per ml. The DNA blot was washed at 50°C for 30 min with 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.1% SDS, with 0.5ϫ SSC-0.1% SDS, and with 0.1ϫ SSC-0.1% SDS. The same conditions were used for screening of an A. niger (strain 2663E) genomic DNA library which was constructed from approximately 15-kb inserts generated by partial Sau3A digestion in the DASHII vector (Clontech) (T. Fowler, personal communication). DNA fragments from one isolated clone were then subcloned into plasmids for sequence analysis.
Northern hybridization was carried out with 5 g of total RNA samples on Hybond N nylon membranes (Amersham, Little Chalfont, United Kingdom) according to the manufacturer's instructions. Quantification of Northern blots was done with the Phosphorimager SI and with ImageQuant software (Molecular Dynamics). The signals obtained with the gpd1 gene, encoding glyceraldehyde phosphate dehydrogenase, were used to control the RNA loading and to normalize the quantification of signals obtained with the other probes. Primer extension analysis of the T. reesei ypt1 gene was done as described previously (40), with a 35-mer oligonucleotide binding at the translation start site (5Ј AGGTA GTCGTATTCAGGGTTCATGATGGGCGGTTG 3Ј).
Yeast suppression and complementation. Yeast strains were grown without plasmids in rich medium and with plasmids in synthetic complete medium without uracil (SC-Ura) (42) . In an attempt to clone the homologs of yeast SSO1/2 from T. reesei and A. niger var. awamori, we transformed a T. reesei cDNA library in pAJ401 (23) and an A. niger var. awamori cDNA library in pYES2 (Invitrogen) (10) into the yeast strain H1152. This strain has a disrupted SSO1 gene and a temperature-sensitive sso2 mutation. The transformants derived from the T. reesei library were plated on SC-Ura with galactose to the restrictive temperature, 31°C. The A. niger var. awamori library transformants were first grown on glucose medium at 24°C and then replicated onto galactose medium to switch on the GAL1 promoter in pYES2 and grown at 31°C. Plasmids were rescued from clones able to grow under selection by transforming total yeast DNA into E. coli by electroporation. During testing of whether the T. reesei ypt1 cDNA can complement the Ypt1p depletion, the plasmid containing the ypt1 cDNA under the PGK1 promoter in a multicopy vector (pMS82) was transformed into the yeast strain GFU1-6D. Transformants were grown as streaks on SC-Ura medium with galactose as the only carbon source and replicated onto SC-Ura plates with glucose. The streaks were grown for 3 days and replicated again onto the same plates. During testing for complementation of the temperature-sensitive ypt1 and sec4 mutations, pMS82 was transformed into the yeast strains TSU3-5D (ypt1) and NY774 (sec4) and the transformants were grown at 24°C. They were then replicated onto three plates, which were incubated at 33, 34, and 35°C. The full-length Trichoderma nsf1 cDNA was cloned into the multicopy vector pAJ401 between the yeast PGK1 promoter and terminator. The resulting plasmid was transformed into the yeast strain mBY12-6D. The transformants were first grown at 24°C and then replicated to 31°C to test for complementation.
Nucleotide sequence accession numbers. The sequence data presented in this article have been submitted to the DDJB/EMBL/GenBank databases under the following accession numbers: AJ277108 (T. reesei ypt1), AJ277109 (T. reesei nsf1), AF244545 (A. niger var. awamori yptA), and AF244544 (A. niger var. awamori nsfA).
RESULTS
Characterization of the T. reesei ypt1 and A. niger var. awamori yptA genes. The T. reesei ypt1 cDNA was isolated from a ZAP cDNA library by heterologous hybridization with the yeast SEC4 whole coding region as a probe. A full-length cDNA clone had an open reading frame encoding a 202-amino-acid protein with higher identity to yeast Ypt1p than Sec4p. Based on complementation of a yeast YPT1 depletion strain described below, the new T. reesei gene was named ypt1. The genomic ypt1 gene was isolated from a cosmid library, subcloned, and sequenced. It was found to contain four introns.
About 600 bp of the Trichoderma ypt1 promoter region was sequenced (data not shown), and it contained two putative TATA boxes (at Ϫ314 and Ϫ431 relative to the translation start site) and two putative CCAAT elements (at Ϫ346 and Ϫ284). To find out which of the TATA boxes is more significant for transcription initiation, we carried out primer extension experiments. Multiple transcription start sites were revealed downstream from both of the putative TATA boxes (at Ϫ381, Ϫ369, and Ϫ346 and at Ϫ152, Ϫ147, and Ϫ143 from the translation start). The most intensive signals in the primer extension gel corresponded to transcription start sites between the two putative TATA elements, suggesting that the upstream TATA box is more important than the other box (data not shown). Subsequent to the work described above, an attempt was made to clone the T. reesei and A. niger var. awamori homologs of the yeast SSO genes involved in the final stage of secretion, fusion of the secretory vesicles to the plasma membrane. Several Trichoderma cDNA library plasmids were obtained that could support growth of the sso2 temperature-sensitive mutant strain at the restrictive temperature, one of which carried the full-length T. reesei ypt1 cDNA. In a complementation screening in the same yeast mutant strain with an A. niger var. awamori cDNA library, a cDNA that is highly homologous to T. reesei ypt1 was isolated and named yptA. This cDNA lacks about 50 bp of the protein-coding region. The genomic A. niger var. awamori yptA gene was cloned by PCR, and a region of 1,920 nucleotides (nt) was sequenced. A putative TATA box (TAATA) was found in the promoter region (data not shown). Interestingly, there is a long 3Ј untranslated region of 456 bp in the cDNA. The yptA gene of A. niger var. awamori encodes a putative protein of 201 amino acids, having 1 amino acid difference compared to the srgB gene cloned from A. niger by Punt et al. (36) and sharing 94% identity with the Trichoderma YPTI protein. The yptA gene has four introns at positions identical to those for introns in the T. reesei and N. crassa (13) ypt1 genes (Fig. 1) . The ypt1 gene of the oomycete P. infestans has five introns (5), three of which are at conserved positions with introns in the homolog genes isolated from the other three filamentous fungi.
Alignment of the T. reesei YPTI and A. niger var. awamori YPTA proteins with their yeast and human counterparts (Ypt1p and Rab1, respectively) revealed the extremely high conservation level of this group of proteins (Fig. 1) . Of the sequence positions in the alignment, 64% have identical and 85% have similar amino acids in all four proteins. The proteins of the Ras superfamily have five sequence regions (G1 to G5) contributing to the binding and hydrolysis of GTP (3). These regions are almost strictly conserved between the yeast, human, T. reesei, and A. niger var. awamori sequences. The region termed G2 is of particular interest, since it is conserved between Rab proteins that are functional in a given cellular location in different species but not between different Rab subclasses (17) . The G2 region is strictly conserved in the alignment shown in Fig. 1 . The four YPT/Rab sequences have the lowest degree of conservation at their C-terminal 50 amino acids, but even in this region the proteins from the two filamentous fungi are rather well conserved. The Rab proteins have an isoprenoid lipid modification attached to cysteines at the C terminus (16) . Two cysteines that could be geranylgeranylated in the YPTI/ YPTA proteins of T. reesei and A. niger var. awamori are found at their C termini (Fig. 1) .
For verification of the identity of the ypt1 gene isolated from T. reesei, complementation of the corresponding yeast gene was attempted. The Trichoderma ypt1 cDNA was expressed from a multicopy plasmid with a PGK1 promoter in a yeast strain in which the only functional copy of the native YPT1 gene is under control of the GAL1 promoter. This strain is unable to grow on glucose, on which the promoter is repressed and YPT1 is not expressed. Expression of the Trichoderma YPTI protein supported growth of the strain on glucose (Fig.  2) , showing that it can functionally complement the yeast YPT1 gene. Complementation was also attempted with temperaturesensitive ypt1 and sec4 mutant yeast strains in a similar way. No difference in growth at the restrictive temperature was observed for transformants with the T. reesei ypt1 expression plasmid and those having the vector alone with either of the temperature-sensitive mutants.
Characterization of the T. reesei nsf1 and A. niger var. awamori nsfA genes. A cDNA with a high level of homology to yeast SEC18 was isolated by heterologous hybridization from a T. reesei ZAP library. The isolated Trichoderma cDNA has an open reading frame encoding a protein of 839 amino acids. Based on the amino acid similarity of the gene product to yeast Sec18p and mammalian NSF, the isolated T. reesei gene was named nsf1. The cDNA is apparently full length, as a stop codon in the same reading frame as the translation initiation codon is present in the 5Ј flanking region. The corresponding genomic gene, isolated from a cosmid library, has two introns (Fig. 3) . The region sequenced from the nsf1 promoter has a putative TATA element (CATAA) at Ϫ229 from the translation start site.
The existence of a SEC18/NSF homolog gene in the A. niger var. awamori genome was confirmed by Southern blot analysis of genomic DNA, with the Trichoderma nsf1 cDNA as a probe. A single band was detected for several digestion reactions of the Aspergillus genomic DNA, suggesting that only one homolog exists in Aspergillus. The Aspergillus nsfA gene was then isolated from a genomic library. The coding region has one intron, the position of which is not conserved in the T. reesei nsf1 gene (Fig. 3) .
The identity between the T. reesei and A. niger var. awamori NSFI/NSFA proteins is 59%, their identity with yeast Sec18p is about 50%, and their identity with human NSF is about 45%. The A. niger var. awamori nsfA sequence isolated in this work has one amino acid difference when compared to the corresponding A. niger sequence submitted to the EMBL database by B. Seiboth et al. (accession number Q9C455). The alignment of the four NSF-like proteins (Fig. 3) shows that their (Fig. 3) . The biological significance of the extension and of the repeats remains to be determined. The Sec18/NSF proteins consist of three functional domains. The N-terminal domain interacts with the SNARE and SNAP proteins (54) . The ATP binding domain D1 hydrolyzes ATP, which is essential for the fusion activity of NSF. The ATP binding domain D2 is responsible for the hexamerization of Sec18/NSF (12, 18) . Binding of ATP by D2 is essential for its activity, but this domain does not hydrolyze ATP. In the Nterminal domain, there is hardly any homology among all four sequences in the alignment shown in Fig. 3 , but the domains from Trichoderma and Aspergillus show a relatively high conservation level. The D1 domain is by far the best conserved region of the proteins, and D2 shows moderate conservation. A wide range of different ATPases have conserved Walker A and B motifs involved in ATP binding. In the D1 domains of the NSFI/NSFA proteins from filamentous fungi, these motifs follow the general consensus, whereas in the D2 domains, they show more variation when compared with the yeast and human counterparts (Fig. 3) .
Complementation of the yeast temperature-sensitive sec18 mutation by T. reesei nsf1 was attempted. The nsf1 cDNA was expressed from a yeast multicopy plasmid with the PGK1 promoter in a sec18-1 temperature-sensitive mutant strain. The transformants were first grown at a permissive temperature and subsequently assayed for growth at a restrictive temperature. No difference in growth was observed between strains expressing the nsf1 cDNA and transformants carrying the vector alone; thus, complementation did not occur.
Regulation of the T. reesei genes encoding secretory pathway components. An unfolded protein response (UPR) (33) leads to up-regulation of ER folding factors when protein folding in the ER is impaired. It has been shown previously that the UPR also regulates a subset of genes involved in other functions of the secretory pathway in S. cerevisiae (47) . The T. reesei pdi1 gene, encoding protein disulfide isomerase, is regulated by the UPR (38) , and thus we were interested in studying whether the genes isolated in this study and the T. reesei sar1 gene, isolated previously (49) , are under the same control. Two compounds that block secretion in T. reesei, DTT (32) and BFA (T. Pakula and M. Penttilä, unpublished data), were used to induce the UPR and possibly other stress responses originating from the secretion pathway.
Northern hybridization done with T. reesei RutC-30 mycelia treated with DTT showed that the pdi1 mRNA level clearly increased 1 h after the addition of DTT to the culture (Fig.  4A) . The mRNA levels of both ypt1 and sar1 remained constant for at least 4 h of the DTT treatment, suggesting that the UPR did not affect these genes. Interestingly, the nsf1 mRNA level increased about 2.5-fold during DTT treatment. This increase followed kinetics similar to those of pdi1 induction. To rule out the possibility that the increase of pdi1 and nsf1 mRNAs during DTT treatment was caused by some specific mutation incorporated into the strain during strain improvement by mutagenesis, a DTT treatment experiment with strain QM9414 was carried out (Fig. 4B) . The pdi1 mRNA level increased dramatically after DTT addition, and the mRNAs of nsf1 and sar1 also became three-to fourfold more abundant. The ypt1 mRNA level was not significantly increased in this experiment. A possible reason for the stronger response in mRNA levels observed for this experiment than for the previous experiment (Fig. 4A) is that the DTT treatment was done in this case on a culture in which genes encoding cellulases were induced by sophorose. DTT was added to RutC-30 mycelia grown on lactose as the carbon source. It is known that sophorose is a much more potent inducer of the cellulase genes than lactose (15) , and thus it can be expected that stronger secretion stress can be caused by DTT during sophorose induction than during growth on lactose.
To further elucidate the mechanisms regulating the T. reesei secretory pathway, the effect of BFA, an inhibitor of intracellular membrane traffic (e.g., see references 35, 41, and 45), was tested. Northern hybridization of RNA from T. reesei mycelia treated with BFA showed that the mRNA levels of all the genes studied were strongly increased by BFA treatment (Fig.  5) . The increase in mRNA levels was evident 1 h after BFA addition, and the maximal extent of induction was about 7-fold for ypt1, about 20-fold for nsf1, about 13-fold for sar1, and about 11-fold for pdi1.
DISCUSSION
In order to gather information on the secretory machinery of filamentous fungi, we isolated two genes from T. reesei and A. niger var. awamori, namely ypt1/yptA, involved in ER-Golgi transport, and nsf1/nsfA, involved in multiple membrane fusion steps. Interestingly, both ypt1 of T. reesei and yptA of A. niger var. awamori were identified as multicopy suppressors of the temperature-sensitive sso2 mutation in yeast. The Sso1 and Sso2 proteins are t-SNAREs residing in the plasma membrane, recognizing the v-SNARE Snc1/2 on the secretory vesicle, and giving specificity to the docking of the secretory vesicles on the plasma membrane (1). Since yeast Ypt1p is functional at the ER-Golgi and possibly at the cis-medial Golgi secretion stages (17) , it was unexpected to find its close homologs as suppressors of the sso2 mutation. The explanation might be that a heterologous Ypt1p-like protein, heavily overexpressed from the strong PGK1 promoter in a multicopy plasmid, functions partially in the final stage of secretion as well, playing the role of Sec4p. Yeast Sec4p and Ypt1p are highly conserved, and it has been observed that when a nine-amino-acid segment of Ypt1p is replaced with the corresponding Sec4p sequence, the protein can fulfill the functions of both proteins (4, 9) . Alternatively, the observed suppression of sso2 by the fungal ypt1/yptA cDNAs could be due to an indirect effect, e.g., the overexpression of the Ypt1p-like fungal protein could enhance the transport of a yeast secretory component that causes the actual suppression.
The identity of T. reesei ypt1 was verified in the experiment in which it clearly complemented a yeast Ypt1p depletion strain in which the only functional YPT1 gene is under the control of the GAL1 promoter (Fig. 2) . No complementation, however, was detected with either the ypt1 or sec4 temperature-sensitive mutant. An explanation for this could be that in a temperature-sensitive mutant, the native protein is probably present in a misfolded state and can perhaps exclude the foreign protein from the necessary interactions even though it is unable to fulfill its task completely. Complementation of a temperature-sensitive sec18 mutant strain was attempted with the T. reesei nsf1 cDNA, but that experiment gave a negative result, perhaps for reasons similar to those causing the failure of the complementation of the yeast ypt1 temperature-sensitive mutation by T. reesei ypt1. It has been reported that the A. niger SEC4 homolog srgA is not able to complement the temperature-sensitive yeast sec4 mutant (36) . Yeast SEC4 and SEC18 depletion strains were not available to us.
The production of extracellular proteins by T. reesei is strongly regulated at the transcriptional level according to the carbon source (15) . We reported earlier that the protein disulfide isomerase gene pdi1 of T. reesei is also regulated according to the carbon source, largely in a manner similar to that for the cellulase genes (38) . Thus, it would appear that T. reesei can adjust the level of the PDII protein according to the protein load in the secretory pathway. It has also been reported that the homolog of yeast SEC4 in the fungus C. lindemuthianum is regulated according to the available carbon source after expression of the secreted pectinase enzymes (8) . We tested by Northern hybridization whether the T. reesei ypt1, nsf1, and sar1 genes are regulated by the carbon source similarly to pdi1, but clear differences in the expression levels between different carbon sources were not observed (data not shown). A similar observation has been made with A. niger, in which six genes encoding secretion-related small GTPases were not regulated according to the carbon source (36) .
It has been reported that genes encoding components of the secretory pathway of the yeast S. cerevisiae are not regulated at the transcriptional level (50) . More recently, however, it was found that this is not the case. The UPR reacts to accumulation of unfolded proteins in the ER (33) , and foremost it regulates the genes involved in protein folding and quality control in the ER. In a transcriptional profiling study, researchers observed that the UPR affects 381 genes, including some genes involved in vesicle trafficking between the ER and the Golgi and between the Golgi and the plasma membrane, in vacuolar protein sorting, and in protein glycosylation (47) . Our Northern hybridization data for T. reesei mycelia treated with DTT to induce the UPR indicate that for this fungus, also, a part of the secretory genes are under UPR control. The ypt1 and sar1 genes were not affected by DTT in the strain RutC-30, and nsf1 was induced by DTT (Fig. 4A) . In strain QM9414, in which a stronger UPR induction apparently took place (based on the larger increase in pdi1 mRNA level), nsf1 and sar1 mRNAs responded to DTT but ypt1 did not (Fig. 4B) (25) . Analysis of a 1.1-kb region of the T. reesei nsf1 promoter revealed a sequence closely resembling the UPRE sequences of the T. reesei pdi1 and bip1 and yeast promoters (ATCAG TCGTGAC; base pairs that are conserved with the consensus sequence are underlined). This is consistent with the fact that nsf1 was induced in cells treated with DTT.
In contrast to the DTT treatment results, all the T. reesei secretory genes studied for this work were strongly induced by BFA treatment (Fig. 5) . The nsf1 and pdi1 genes, which were affected by both drugs, were much more strongly induced by BFA than by DTT. This, together with the fact that ypt1 and sar1 were only induced by BFA in strain RutC-30, indicates the possibility that BFA can induce a second regulatory pathway in addition to the UPR. DTT is an inhibitor of protein folding, and it induces the UPR by causing an accumulation of unfolded protein in the ER. BFA, on the other hand, is an inhibitor of membrane traffic between the ER and the Golgi complex and can cause disruption of the Golgi complex in mammalian cells (20) . In the filamentous fungus Magnaporthe grisea, BFA appears to have somewhat different effects, as it blocks protein secretion and reduces the amount of apical vesicles but apparently does not disrupt the Golgi equivalents (2). Our in vivo labeling studies have shown that BFA causes a high intracellular accumulation of secreted proteins in T. reesei which is higher than that caused by DTT (T. Pakula and M. Penttilä, submitted). Therefore, it is possible that a regulation system reacting to a large amount of protein in the secretory pathway, perhaps in a later compartment than the ER, is responsible for the induction of the secretory genes in the presence of BFA. A regulatory system responding to the amount of folded protein in the secretory pathway and affecting the mammalian GRP78 gene encoding the ER chaperone Bip has been described previously (31) . Another possible explanation for the results of our DTT and BFA treatment experiments is that the UPR pathway is responsible for the induction of secretory genes in both cases. The different genes could react with different intensities to the UPR, perhaps due to different affinities of the regulatory protein(s) for the promoters, and only at the highest level of protein accumulation in the secretory pathway during BFA treatment would they all respond to this regulatory pathway.
In conclusion, our results suggest that the secretory pathway of T. reesei is regulated at the transcriptional level. Our BFA treatment experiment indicates the possibility of an interesting novel stress response pathway from secretion to gene expression. This regulation could affect the secretory pathway as a whole, since all the secretory genes tested so far have been induced. The novel regulatory pathway would be induced by the accumulation of proteins, possibly folded ones, in the secretory pathway. Alternatively, it may be that all of the secretory genes studied can react to the UPR pathway under conditions of utmost secretion stress, in contrast to results obtained with S. cerevisiae, in which only a small subset of the secretory pathway genes have been suggested to respond to the UPR.
